We report a high-pressure crystallographic study of four hydrated Prussian blue analogues: M[Pt(CN) 6 ] and M[Co(CN) 6 ] 0.67 (M = Mn 2+ , Cu 2+ ) in the range 0-3 GPa. Mn[Co(CN) 6 ] 0.67 was studied by single-crystal X-ray diffraction, whereas the other systems were only available in polycrystalline form. The Mn-containing compounds undergo pressure-induced phase transitions from Fm3m to R3 at ∼1.0-1.5 GPa driven by cooperative tilting of the octahedral units. No phase transition was found for the orbitally disordered Cu[Co(CN) 6 ] 0.67 up to 3 GPa. Mn[Co(CN) 6 ] 0.67 is significantly softer than the other samples, with a bulk modulus of ∼14 GPa compared to ∼35 GPa of the powdered samples. The discrepant pressure responses are discussed in terms of the presence of structural defects, Jahn-Teller distortions, and hydration. The implications for the development of polar systems are reviewed based upon our high-pressure study.
Introduction
Prussian blue analogues (PBAs) are an interesting class of cyanide-linked coordination polymers with a diverse range of properties, including spin-crossover behaviour, photoswitchable magnetism, permanent porosity and mass transport abilities of relevance to battery applications. [1] [2] [3] [4] [5] [6] [7] The varied functionality can be attributed to the compositional versatility; PBAs are similar to double perovskites, with the general formula A x B y [B (CN) 6 ] z , where A (if present) is an alkali metal and B and B are transition metal ions. 8 Nearly all first-row-and many second-rowtransition metals can be incorporated on the B-sites and the stoichiometry can be varied by changing the oxidation states, rendering PBAs highly tuneable materials. [9] [10] [11] [12] An especially prevalent stoichiometry is B lar perovskites, which-like conventional perovskites-can support octahedral tilting. [14] [15] [16] Tilt modes are classified as rigid unit modes (RUMs), i.e. low-energy vibrations that propagate without altering the local geometry of the coordination polyhedra, and which often strongly influence stimuli-induced behaviour. 17, 18 Although molecular perovskites generally tend to exhibit complex series of RUMs, including distortions unfeasible in conventional ceramic perovskites, 16, 19, 20 PBAs rarely exhibit condensed RUMs upon cooling. However, octahedral tilting upon compression has been suggested on the basis of spectroscopic evidence. [21] [22] [23] The presence (or absence) of tilts is highly relevant for the functionality of PBAs, as they influence the free pore space, the orbital overlap and the strength of the magnetic correlations. 23, 24 For example, the ferrimagnetic transition temperatures of A 2 Mn[Mn(CN) 6 ] increase with pressure, which was speculatively attributed to octahedral tilting, leading to an weakening of the ferromagnetic exchange interactions. 24 Another study on cyanide-bridged bimetallic coordination polymers also showed that the ferrimagnetic transition temperature could be increased upon compression and the reduction in M-CN-M linkages was suggested to be the reason for the increase in T C . 25 However, there are relatively few systematic crystallographic high-pressure studies on Prussian blue analogues at present, which would confirm the proposed pressure-induced tilting and enable, for example, magnetostructural correlations to be established. 22, 26, 27 Here, we present a variable-pressure X-ray diffraction study of four Prussian blue analogues: namely, Mn[Co(CN) 6 Fig. 1 ]. The hexacyanocobaltates are defective systems with Co(CN) 6 vacancies, whereas the hexacyanoplatinates are considered defect free. Moreover, as Cu[Pt(CN) 6 ] features long-range order of the cooperative Jahn-Teller (JT) distortion 28 whereas Cu[Co(CN) 6 ] 0.67 is orbitally disordered, 29 our study provides a first insight into the effects of both vacancies and Jahn-Teller distortions on the compression mechanisms of Prussian blue analogues. Pressure is known to influence the JT distortion [30] [31] [32] and Cu-containing Prussian blue analogues frequently show anomalous behaviour on account of the unusual bonding nature, 29 rendering these samples particularly interesting from a fundamental viewpoint. We use both experiment and calculation to explore the mechanical properties of PBAs, which is a relatively underexplored field, in contrast to the research devoted to understanding thermal expansion. 28, 33 To the best of our knowledge, no experimental values for the bulk moduli for any hexacyanoplatinate or hexacyanocobaltate PBA have been previously measured.
The article commences by presenting the results from the Xray diffraction study of Mn[Co(CN) 6 6 ], but a full structural solution is beyond the scope of this study. We then show the results of density functional theory calculations, which are in good agreement with the experimental values for the compressibility and bulk modulus for Cu[Pt(CN) 6 ]. To conclude, the observations are discussed in terms of the effect of vacancies, Jahn-Teller distortions, and hydration. The tilting distortions have implications for the development of new polar systems based on PBAs.
Experimental methods

Synthesis
An aqueous solution of the appropriate metal sulfate (typically 0.4-0.5 mmol, 0.5 ml) was added dropwise to a stoichiometric solution of K 3 Co(CN) 6 6 ] 0.67 at the ID15B beamline of the European Synchrotron Radiation Facility, Grenoble up to 3 GPa using monochromatic X-ray radiation (λ = 0.41137 Å). Membrane driven LeToullec type diamond anvil cells (DACs) were used, equipped with Boehler-Almax anvils. Stainless steel was used as the gasket material, and Daphne 7373 oil was loaded as the pressure-transmitting medium. Diffraction patterns were collected with a Mar555 flat panel detector. For the single-crystal data collection, steps of 0.5 • oscillation were used over a total ω-scan range of 76 • about the vertical axis. Lattice parameter determination and integration of the reflection intensities were performed using the CrysAlisPro software. 34 In the powder diffraction experiment, initial measurements revealed considerable radiation damage of the samples evident by loss of intensity and a broadening of peaks, as well as a visual black spot on the sample. This was overcome by increasing the beam size and for each pressure point, diffraction was measured both in the middle of the sample and on a pristine part in order to ensure that no significant radiation damage occurred in the centre of the sample.
In the single-crystal loading, four different crystals were loaded, because progressive radiation damage could inhibit a possible phase transition. Thus, one crystal was measured with a full data collection involving the 0.5 • step scans, while a second crystal was measured at each pressure point with a single image using a ±20 • rotation in 2 s to give a single snapshot of the diffraction spots. Initially, the effect of pressure on the diffuse scattering of Mn[Co(CN) 6 )] 0.67 was followed, allowing only lattice parameter data and reciprocal space reconstructions to be determined for the ambient phase. Upon the phase transition, the beam intensity was decreased in order to perform structure solu-tion and refinement. The single crystal structures were refined using shelxL, and structure solution was performed with shelxT, within shelXle. [35] [36] [37] For the powder diffraction data, the Dioptas software was used to integrate the 2D area images, and Topas academic version 4.1 was used for Rietveld refinement. 38, 39 The pressures were measured using the ruby fluorescence method before and after each diffraction measurement. The average of both pressure values were used, in addition to the ±0.1 GPa error to account for the error in the ruby florescence method in the pressure range below 10 GPa. 40 Our variable-pressure unit cell volume data for each phase were fitted with a Birch-Murnaghan equation of state (EoS) as implemented in EoSFIT7-GUI. 41 Inspection of the normalised pressure vs. Eulerian strain ( f -F) plots for all phases indicate a secondorder fit is sufficient to account for the experimental p(V ) data for all phases; where deviation from the expected behaviour (i.e. the pressure derivative of the bulk modulus B ≡ 4) is observed visually, these fits are not well constrained and result in large uncertainties in the value of B and B 0 . Fits to p(V ) data and F-f plots are given in the ESI. ‡
Density functional theory
In order to compare with experimental data, density functional theory (DFT) calculations were used to study the structure of Cu[Pt(CN) 6 ] as a function of hydrostatic pressure. Structural relaxation was performed under pressures ranging from 0 to 2 GPa in 0.1 GPa increments. These calculations were performed within the Abinit software package (v. 8.0.8), 42, 43 using pseudopotentials and a plane-wave basis set. The Perdew-Burke-Ernzerhof exchange-correlation functional 44 was used with the vdw-DFT-D2 dispersion correction. 45 Optimized norm-conserving Vanderbilt pseudopotentials 46 were used as received from the Abinit library. 47 A 45 Ha plane-wave basis set energy cut-off and a 6 × 6 × 6 Monkhorst-Pack grid 48 of k-points were selected by convergence studies. A metallic electron occupation scheme was employed with Methfessel-Paxton smearing. 49 Example input files are available as part of the ESI. 6 ] 0.67 crystallises as a defective double perovskite, with 33% of the Co(CN) 6 octahedra absent relative to stoichiometric systems. The ambient structure was indexed and solved in Fm3m (a = 10.4197(3) Å) with weak diffuse scattering between the Bragg peaks. Single-crystal XRD data were collected as a function of pressure up to 2.1 GPa. A transition was observed to a phase of lower symmetry due to the splitting of the diffraction reflections at ∼1.46(13) GPa (the error indicating the pressure step before and after the transition). The crystal which had previously been measured using full data collections up to 1.33 GPa did not display the transition due to the increased amount of radiation damage received. The high-pressure phase, Mn[Co(CN) 6 ] 0.67 -II, could be solved in R3, R3c and I2/a. Out of these space groups, only R3 leads to crystal structures with two independent metal sites, as expected for a bimetallic system, and was therefore cho- sen. The unit cell axes of the rhombohedral phase are related to those of the cubic aristotype by
Results
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where (a h , b h , c h ) and (a c , b c , c c ) denote the lattice vectors for the trigonal space group (in the hexagonal setting) and the cubic space group, respectively. R3 symmetry is consistent with an Fig. 2(a) ]. 14, 50 In contrast to other molecular perovskites, octahedral tilting is relatively uncommon in PBAs. 27, 51, 52 Similar diffuse scattering to the ambient phase was observed in the high-pressure phase.
To facilitate easy comparison between the structures of the two phases, the framework can be parametrised by the strut length, r (i.e. the Co-CN-Mn-CN-Co length), and the hingeing angle, θ , as developed in Ref. 53 . In the cubic phase, the strut length is equivalent to the lattice parameter and the angle is 90 • by symmetry.
In the rhombohedral phase, we have
and
where a h and c h are the lattice parameters of the trigonal phase in the hexagonal setting. A plot of the percentage changes in r, θ and the reduced volume (V /Z) as a function of the pressure is given in Fig. 3 . The strut length decreases monotonically upon compression, likely due to a combination of bond compression and dynamic tilting. There is no significant discontinuity in the strut length at the transition point, whereas there is a small step change in the hingeing angle. The compressibility (K) of r can be calculated by
where p is the pressure. This yields values of 21.4(9) TPa −1 and 16.4(7) TPa −1 for the ambient and high-pressure phase, respectively. Due to the low number of points for the high-pressure phase, data collected both on compression and decompression were used for the fitting (see ESI), although only data from the compression are plotted here. These values for the compressibilities are in the same range as those observed for related molecular perovskites based on the formate ligand. 54 6 ] 0.67 is isostructural to its Mn counterpart and shows no long-range order of the Jahn-Teller distortions. Single crystals were not accessible for this compound nor for any of the compounds discussed below and so the measurements were carried out on polycrystalline samples. As PBAs are prone to radiation damage, two data collections per pressure point were performed: one in the centre of the sample and one on a pristine part without previous X-ray exposure, in order to discern any pressure-and radiation-induced effects. The lattice parameters did not vary significantly between the two measurements and here, the data from the collections at the central part of the DAC are used. In contrast to Mn[Co(CN) 6 ] 0.67 , Cu[Co(CN) 6 ] 0.67 remains cubic throughout the entire pressure range studied without any phase transitions [ Fig. 3 ]. The strut compressibility and bulk modulus are calculated as 8.19(14) TPa −1 and 35.0(5) GPa and hence this system is noticeably stiffer than the Mn analogue. These values can be compared to the bulk moduli of 43(2) GPa reported for a hexacyanoferrate in Ref. 26 . .4) GPa. This increased softening occurs due to the tilting of the octahedra, allowing much greater reduction in volume compared to the bond compression mechanism observed in the ambient phase. Similar "flexibility transitions" also occur in the framework Cu(tcm) (tcm = tricyanomethanide, C(CN)
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as well as in some ceramic perovskites. 58 6 ] 0.88 ·3.5H 2 O) were found to be stiffer than the ambient phases. However, in these reported transitions, the cubic symmetry is not reduced, and a discontinuity is only visible in the Raman spectra, indicating only a change in the vibrational behaviour of the CN ligands.
Cu[Pt(CN) 6 ] is a rare example of a non-cubic PBA, as a result of the cooperative Jahn-Teller distortion that lowers the symmetry to the maximal subgroup I4/mmm with unit cell dimensions related to the aristotype cell (a 0 ) by a = b ∼ 1 √ 2 a 0 and c ∼ a 0 . The c-axis comprises the long JT-distorted bonds while the normalised a-axis consists of the short bonds from the Cu(CN) 6 octahedra. The deviation from cubic symmetry is therefore a direct measure of the magnitude of the Jahn-Teller distortion. Cu[Pt(CN) 6 ] compresses anisotropically with the c-axis being ∼ 3 times softer than the aaxis (K c = 15.3(3) TPa −1 and K a = 4.82(11) TPa −1 ). As a result, the Jahn-Teller distortion becomes less pronounced upon increasing pressure-a phenomenon also observed in other Jahn-Teller distorted systems. 31, 54, 60 The bulk modulus is 37(3) GPa, consistent with the values for the other compounds reported here. A phase transition occurred at 1.09(15) GPa, accompanied by broadening and a significant overlap of the reflections. Attempts to solve the structure proved unsuccessful. The crystallites without previous X-ray exposure underwent a second phase transition at higher pressure (see ESI), suggesting that this phase transition is inhibited by radiation damage. All transitions were reversible upon release of pressure.
DFT calculations at finite strain for Cu[Pt(CN) 6 ] gave a bulk modulus of 37.0(2) GPa, K a = 3.5 TPa −1 and K c = 17.8 TPa −1 , all of which are in good agreement with experimental values. Similar calculations were considerably more challenging for the other systems, presumably due to the larger number of unpaired electrons and presence of defects and disorder. The elastic tensor of Cu[Pt(CN) 6 ] was also calculated directly using density functional perturbation theory 61 
The elastic tensor corresponds to a bulk modulus of 40.3 GPa, which is consistent with the experimental result (35(2) GPa) and with that from the calculations performed using finite strains mentioned above. The Voigt-Reuss-Hill averaged 62 values for the effective polycrystalline Young's modulus, shear modulus, and Poisson ratio are 50.1 GPa, 18.6 GPa, and 0.34, respectively.
The anisotropy of the Young's modulus and Poisson ratio is shown in Fig. 4 . Cu[Pt(CN) 6 ] displays a considerable elastic anisotropy, with a universal anisotropy index of 7.7. 63 The anisotropy of the Young's modulus is closely related to the structure, with the stiffest directions coinciding with the cyanide linkages along [110] . The Jahn-Teller distortion leads to a significant softening of the [001] direction by comparison to [110] . The mismatch of unit cell axes and the directions of maximum stiffness has been associated with anomalous mixed negative and positive thermal expansion 64 as seen in Cu[Pt(CN) 6 ]. 28 The anisotropic Poisson ratios indicate strong elastic coupling between the a and b-axes and weak coupling between c and other directions, again demonstrating the strong effect of the Jahn-Teller distortion on the elastic properties.
Discussion and conclusions
This study has investigated the pressure response of a series of Prussian blue analogues with and without structural defects and Jahn-Teller distortions, attempting to elucidate the role played by each degree of freedom in the compression behaviour. The systems remain in their ambient phases until ∼ 1.1−1.4 GPa where phase transitions occur for all but the orbitally active and defective Cu[Co(CN) 6 ] 0.67 . This particular compound exhibits orbital disorder which perhaps plays a role in inhibiting the onset of a phase transition. The long axes of a Jahn-Teller distorted octahedron are appreciably softer than the horizontal plane comprising the short bonds. As the disordered structure features 6 ]. The Young's modulus in a given direction is shown as a cyan surface; the maximum Poisson ratio in a given direction is shown as a transparent blue surface while the minimum is shown as a green surface. Visualisation generated using ELATE. 65 orientational disorder of these soft long axes, a significant volume reduction can occur without the need for a phase transition. However, this argument is speculative and the lack of a phase transition may also be the result of a different hydration state of Cu[Co(CN) 6 ] 0.67 , the exact level of which is unknown, relative to the other compounds. 29 The cubic-rhombohedral phase transitions displayed by the Mn-containing systems verifies the presence of pressure-induced octahedral tilts in PBAs, as indicated by several spectroscopic studies. [21] [22] [23] 26 6 ] is dampened by the presence of interstitial solvent species through increased steric repulsion. 66 It should also be considered whether the vacancies may disrupt the percolation of correlated tilts to some extent.
The extent of compression in r prior to the phase transitions occur can be speculatively related to the presence of vacancies. The defect-free hexacyanoplatinates compress less (∼ 1% in r) than the defective Mn[Co(CN) 6 ] 0.67 (∼ 2.5%) before the onset of a phase transition [ Fig. 3] . Vacancies increase the free space of the framework and so presumably facilitate the contraction of the strut lengths. As a result, the defective frameworks should be able to sustain a larger strut compression on average than the non-defective systems, as observed. When the compression of r reaches a threshold value, the symmetry-breaking tilting emerges to maintain the volume reduction. The defective Cu[Co(CN) 6 ] 0.67 remained in the ambient phase up to ∼ 3 GPa, yet the reduction in r at the highest pressure point is comparable to that of Mn[Co(CN) 6 ] 0.67 prior to the transition. This implies that a phase transition may indeed occur for Cu[Co(CN) 6 ] 0.67 above 3 GPa; however, the solidification of the pressure-transmitting medium limited the available pressure range. Variable-pressure studies with different media so as to allow for the exploration higher pressures would be of interest.
There is an emerging interest in molecular perovskites with ferroelectric properties [67] [68] [69] [70] and, in light of this, the tilt patterns discovered here are of particular interest. In so-called hybrid improper ferroelectricity, two or more structural distortions are coupled such that the global inversion symmetry is broken and a polar mode appears. 71 PBAs with A-site cation order commonly crystallise in F43m, 33, 72 and the additional symmetry lowering induced by the a − a − a − tilting-as we observe here-leads to the polar, and potentially ferroelectric, space group R3. By consequence, such systems can be expected to exhibit ferroelectric properties under the application of modest pressures. Furthermore, if these pressure-induced tilts are accessible in PBAs with organic A-site cations (cyanoelpasolites), a larger range of polar couplings are attainable. For example, an R-point arrangement of a quadrupolar cation will achieve a similar effect as the cation order in F43m. 70 All A-site cations with prolate or oblate symmetry (i.e. rod-like or disc-like cations) possess a quadrupolar moment and this includes very common species such as methylammonium or imidazolium, which have successfully been incorporated on the A-site of an organic PBA. 73, 74 Hence, the activation of rigid unit modes by means of pressure may have consequences for the search for new ferroelectric materials.
The 6 ] 0.67 is considerably softer. The invariance of the bulk moduli to composition for the polycrystalline samples can be contrasted with the results from literature, where moduli from 17 to 71 GPa have been reported for PBAs of varying composition. 22, 27 However, it is not clear to what extent this large range of values reflects a genuine compositional dependence of the compressibility behaviour as opposed to a sensitivity to different fitting methods and considerations such as synthesis conditions and water content. All samples in this study were measured as-synthesised and therefore contain a certain amount of solvent (H 2 O) from the synthesis. Moreover, to note that the polycrystalline powders were stored in air within glass vials, while the single crystals were in oil. The inclusion of guest solvent into the pores of MOFs and zeolites during hydrostatic compressiona process referred to as hypersaturation-has a significant effect on the pressure response [75] [76] [77] [78] and a related effect can be anticipated for Prussian blue analogues. The hydration level likely depends on the synthesis conditions and so presumably differs between powders and single crystals, which may explain the dissimilar bulk moduli. Yet, it is clear that the behaviour of PBAs is governed by an intimate interplay between the vacancies, hydration, compositions and Jahn-Teller distortions. Future studies on dehydrated samples will be of value, in order to unravel the precise role played by each of these degrees of freedom.
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